Voltage-gated Ca 2+ channels are multi-subunit membrane proteins that transduce depolarization into cellular functions such as excitation-contraction coupling in muscle or neurotransmitter release in neurons. The auxiliary b subunits function in membrane targeting of the channel and modulation of its gating properties. However, whether b subunits can reversibly interact with, and thus differentially modulate, channels in the membrane is still unresolved. In the present study we applied fluorescence recovery after photobleaching (FRAP) of GFP-tagged a 1 and b subunits expressed in dysgenic myotubes to study the relative dynamics of these Ca 2+ channel subunits for the first time in a native functional signaling complex. Identical fluorescence recovery rates of both subunits indicate stable interactions, distinct recovery rates indicate dynamic interactions. Whereas the skeletal muscle b 1a isoform formed stable complexes with Ca V 1.1 and Ca V 1.2, the non-skeletal muscle b 2a and b 4b isoforms dynamically interacted with both a 1 subunits. Neither replacing the I-II loop of Ca V 1.1 with that of Ca V 2.1, nor deletions in the proximal I-II loop, known to change the orientation of b relative to the a 1 subunit, altered the specific dynamic properties of the b subunits. In contrast, a single residue substitution in the a interaction pocket of b 1a M293A increased the FRAP rate threefold. Taken together, these findings indicate that in skeletal muscle triads the homologous b 1a subunit forms a stable complex, whereas the heterologous b 2a and b 4b subunits form dynamic complexes with the Ca 2+ channel. The distinct binding properties are not determined by differences in the I-II loop sequences of the a 1 subunits, but are intrinsic properties of the b subunit isoforms.
Introduction
Voltage-gated Ca 2+ channels are expressed in all excitable tissues where, in response to membrane depolarization, they control a variety of cell functions like contraction of muscles, secretion in endocrine cells and neurons, or gene regulation. Functional Ca 2+ channels consist of one a 1 subunit and at least one extracellular a 2 d and a cytoplasmic b subunit. The a 1 subunit forms the voltage-sensor and the channel pore, whereas the auxiliary a 2 d and b subunits function in membrane targeting and modulation of gating and current properties. Multiple genes and splice variants of each subunit give rise to a considerable number of possible subunit combinations with distinct expression and distribution patterns, biophysical and pharmacological properties. A given a 1 subunit can combine with different a 2 d and b subunits in different cell types and at different developmental stages. However, it is still a matter of debate whether the auxiliary subunits can also dynamically exchange in native Ca 2+ channel complexes and thus differentially modulate pre-existing channels in the membrane (Buraei and Yang, 2010) .
In skeletal muscle the Ca V 1.1 voltage-gated Ca 2+ channel forms a signaling complex with the Ca 2+ release channel (type 1 ryanodine receptor, RyR1) in the triad junctions between the transverse (T-) tubules and the sarcoplasmic reticulum (SR). Upon depolarization Ca V 1.1 activates the opening of the RyR1 and the resulting Ca 2+ release from the SR then triggers excitation-contraction (EC-) coupling. This interaction of Ca V 1.1 and RyR1 depends on their physical interaction by the cytoplasmic loop between repeats II and III of the a 1S subunit (Grabner et al., 1999) and probably also by the b 1a subunit (Cheng et al., 2005) . A highly regular spatial organization of groups of four Ca V 1.1s (termed tetrads) opposite the RyR1 is the structural correlate of this direct mode of EC coupling in skeletal muscle (Franzini-Armstrong et al., 1998) . Whether the putative physical interactions between the Ca V 1.1 a 1S and b 1a subunits and the RyR1, which are essential for tetrad formation and direct EC coupling, also result in an increased stability of the Ca 2+ channel signaling complex in skeletal muscle is hitherto unknown.
Here we applied fluorescence recovery after photobleaching (FRAP) analysis in dysgenic myotubes reconstituted with GFPtagged Ca V 1 a 1 and b subunits to study the dynamics or stability of Ca 2+ channel subunits in the native environment of the triad junction. The skeletal muscle b 1a subunit was stably associated with the a 1S subunit. In contrast, higher fluorescence recovery rates of non-skeletal muscle b subunits compared with those of the skeletal muscle a 1S and b 1a subunits, for the first time demonstrate in a differentiated mammalian cell system that the auxiliary b subunits of the voltage-gated Ca 2+ channel can dynamically exchange with the channel complex on a minute time scale. An affinity-reducing mutation in the b 1a subunit
In order to determine the dynamics of Ca V 1.1 a 1S subunits in skeletal muscle triads and to establish a baseline for subsequent comparison with the dynamics of b subunits, we applied FRAP recordings in dysgenic myotubes reconstituted with GFP-tagged a 1S subunits (GFP-a 1S ). Imaging of living myotubes using a laser scanning microscope (Fig. 1A) showed that, consistent with our previous immunofluorescence labeling experiments (Flucher et al., 2000a) , GFP-a 1S is localized in discrete clusters in the plane of the plasma membrane. These clusters colocalized with the RyR1 (supplementary material Fig. S1A ) and thus resemble developing triad junctions between the plasma membrane and the SR. Moreover, extensive previous and ongoing functional studies demonstrated that these junctions are physiologically equivalent to Ca 2+ release units, i.e. triad junctions, in mature skeletal muscle fibers (Kasielke et al., 2003; Obermair et al., 2005) .
For the FRAP analysis we bleached the fluorescence of the GFP-tagged channel subunit by applying high intensity laser power to a circular region of interest (ROI) containing several fluorescent clusters. Then the recovery of fluorescence in the clusters was observed at high sampling rate for 90 s followed by recording at reduced sampling rate to limit photobleaching for up to 6 min. Fluorescence outside the clusters in the bleached ROI was subtracted from the signal originating from clusters to specifically analyze the Ca V 1 channel dynamics within the junctional signaling complex. The magnified images of a representative experiment (Fig. 1A) show the degree of bleaching and recovery immediately after, 75 s and 6 min after bleaching. The trace below shows the corresponding example recording of the normalized and bleaching-corrected fluorescence intensity in the bleached clusters. As expected for a channel tightly incorporated into a signaling complex, the fluorescence of GFP-a 1S showed little to no recovery within the 6-minute observation time. During the initial recording phase the sample was stable enough to allow fitting and calculation of mean recovery curves (Fig. 1A) . The value of the fitted curve at 75 s after bleaching was chosen to calculate the fractional fluorescence recovery (R 75 ) used for descriptive and comparative statistics. R 75 of GFP-a 1S was 16.262.8% of the pre-bleaching intensity.
The cardiac channel Ca V 1.2 also clusters in triad junctions (supplementary material Fig. S1B ) but does not physically Fig. 1 . FRAP analysis of GFP-a 1S and GFP-a 1C in skeletal muscle triad junctions. Clusters of GFP-a 1S (A) or GFP-a 1C (B) in live dysgenic myotubes were photo-bleached (within circles) and imaged for up to 6 min. Representative high-magnification images and the corresponding normalized FRAP recordings show little fluorescence recovery of the Ca 2+ channel a 1 subunits (a-d, time points of example images). Average recovery curves [lower panels; mean6s.e., N53, n(GFP-a 1S )516, n(GFP-a 1C )518] reveal a similarly low recovery of GFP-a 1S and GFP-a 1C and indistinguishable recovery rates 75 s after bleaching (R 75 ). Upper scale bar: 10 mm. Lower scale bar: 1 mm.
interact with the RyR1, as evidenced by the lack of tetrad formation and Ca 2+ current-independent EC coupling (Takekura et al., 2004; Tuluc et al., 2007) . Nevertheless, FRAP analysis of GFP-a 1C revealed that this channel was just as stably incorporated in the triads as the skeletal muscle GFP-a 1S (Fig. 1B) . The mean recovery curves of the two a 1 subunits were virtually indistinguishable and R 75 for GFP-a 1C was 16.462.9%, which was not significantly different from that of GFP-a 1S . Together these results indicate that both Ca V 1 Ca 2+ channels are stably incorporated into the EC coupling signaling apparatus of skeletal myotubes, and that the distinct coupling mechanisms of Ca V 1.1 and Ca V 1.2 to the RyR1 are not reflected by differences in their stability of incorporation.
Skeletal muscle b 1a subunits form stable complexes with Ca V 1.1 in the triad junctions
Next we studied the dynamics of the Ca V b subunit by coexpressing untagged a 1S (Ca V 1.1) with GFP-tagged skeletal muscle b 1a subunit (b 1a -GFP). We hypothesized that b 1a -GFP would show the same degree of fluorescence recovery as GFPa 1S , if both subunits form a stable channel complex. On the other hand, higher FRAP rates of b in the clusters compared with that of the a 1 subunit would indicate a dynamic exchange of the b subunits with the channel.
When expressed without an a 1 subunit in dysgenic myotubes, b 1a -GFP revealed a diffuse cytoplasmic distribution pattern ( Fig. 2A) , consistent with previous immunofluorescence studies (Neuhuber et al., 1998a) . After photobleaching the fluorescence in the ROI recovered almost instantaneously and R 75 was 100.860.8% ( Fig. 2A) . This high recovery rate was similar to that of soluble eGFP expressed in dysgenic myotubes (supplementary material Fig. S2A ), suggesting that in the absence of an a 1 subunit, b 1a -GFP is freely diffusible within the cytoplasm and has no relevant binding sites in the triads. In contrast, when coexpressed with a 1S , b 1a -GFP showed a clustered distribution pattern (supplementary material Fig. S3A ). This demonstrates that recombinant b 1a -GFP can readily compete with endogenous b 1a for its binding sites in the junctional Ca 2+ channel complex. After photobleaching b 1a -GFP coexpressed with a 1S showed little to no recovery within 6 min (Fig. 2B) . The mean recovery curve during the first 75 s was practically identical to that of GFP-a 1S and the R 75 of 16.262.8% was not significantly different from that of GFP-a 1S (Fig. 2B9) . The observation that in triads the fluorescence of GFP-tagged b 1a and GFP-a 1S subunits recover at the same rates indicates that the two skeletal muscle Ca 2+ channel subunits form a stable complex with one another and move or turn over together. But is this also the case for heterologous b subunits?
Heterologous b subunits dynamically exchange with the Ca V 1.1 channel complex in the triad on a minute time scale
The b 2a subunit is distinct from all other b subunits in that it is palmitoylated and thus associates with the plasma membrane even in the absence of an a 1 subunit (Chien et al., 1996) . Accordingly, b 2a -eGFP expressed without an a 1 subunit in dysgenic myotubes showed strong membrane localization (see below, Fig. 3A ). When photobleached, its fluorescence recovered quickly (R 75 79.964.1%), but not at the same rapid rate as the cytoplasmic b 1a subunits. The recovery rate of b 2a -eGFP was similar to that of GAP-GFP, another palmitoylated GFP probe (supplementary material Fig. S2C ). When coexpressed with a 1S , b 2a -eGFP redistributed into clusters (supplementary material Fig. S3B ), indicating that it too could successfully compete with endogenous b 1a subunits for binding sites in the Ca 2+ channel complex. However, different from b 1a -GFP its fluorescent clusters substantially recovered within the first minutes after bleaching. Its R 75 was 39.963.5% and thus 2.56higher than that of GFP-a 1S or b 1a -GFP (Fig. 2C,C9 ,E).
This increased mobility could either reflect an increased exchange of b 2a with Ca V 1.1 channels or an increased mobility of the entire channel complex due to the association of a heterologous b subunit. To distinguish between these two possibilities we analyzed the recovery of fluorescence of GFP-a 1S when coexpressed with the heterologous b 2a subunit. Interestingly, also under these conditions GFP-a 1S clusters did not recover (supplementary material Fig. S4 ) and the R 75 of GFP-a 1S coexpressed with b 2a (13.363.7%) was not significantly different from that of GFP-a 1S coexpressed with b 1a (R 75 16.262.8%) (Fig. 3D) Fig. S2B ). Similar to the other b isoforms and consistent with previous findings (Subramanyam et al., 2009) , b 4b also partitioned in the triadic Ca 2+ channel complex when coexpressed with a 1S (supplementary material Fig. S3C ). However, different from b 1a -GFP, b 4b -eGFP showed an elevated recovery rate after photobleaching ( Fig. 2D; Fig. 2D9 ). Its R 75 of 35.562.4% was about twice as high and significantly different from that of GFPa 1S or that of the homologous GFP-tagged b 1a subunits (Fig. 2E ). This result indicates that, like the heterologous b 2a -eGFP, also the heterologous b 4b subunit dynamically exchanges with the Ca 2+ channel complex in the triad.
In order to examine whether the difference in the stability/ dynamics of the homologous b 1a compared with the heterologous b 2a -eGFP and b 4b -eGFP subunits is also reflected in their ability to compete with the endogenous b 1a for incorporation in the Ca 2+ channel complex, we quantified the degree of co-clustering of the three b subunits with a 1S . Myotubes co-transfected with a 1S plus either b 1a -GFP, b 2a -eGFP, or b 4b -eGFP were immunolabeled and analyzed for colocalization of the b subunits with a 1S clusters. Whereas clusters of b 1a -GFP and a 1S were colocalized in practically all myotubes expressing a 1S clusters (96.661.9%), co-clustering of b 2a -eGFP and b 4b -eGFP with a 1S was only observed in about half of the myotubes (56.661.9% and 44.462.9%, respectively) ( The stability of the b 1a subunits in the triad Ca 2+ channel complex is independent of the Ca V 1 a 1 subunit isoform
Since the homologous b 1a -GFP formed a stable complex with the skeletal muscle a 1S subunit, whereas the heterologous b 2a -eGFP and b 4b -eGFP subunits formed dynamic complexes, we reasoned that these association characteristics might be altered or even reversed when the b subunits are coexpressed with the nonskeletal muscle Ca V 1.2 a 1C subunit. On coexpression with a 1C , b 2a -eGFP also became redistributed into triad clusters and its fluorescence recovery rate was dramatically reduced compared with that of b 2a -eGFP expressed alone (Fig. 3A,B) . However, the mean R 75 of 42.564.9% of b 2a -eGFP combined with its homologous a 1C subunit partner was still significantly higher than that of the GFP-a 1C subunit itself and was not significantly different from b 2a -eGFP's recovery rate when combined with a 1S (Fig. 3D) . Thus, also when coexpressed with its native channel partner a 1C , the non-skeletal muscle b 2a -eGFP subunit formed a dynamic complex with the Ca 2+ channel in the skeletal muscle triad. Therefore, the dynamic association of b 2a with Ca V 1 channels is an intrinsic property of the b subunit that does not depend on differences between the Ca V 1.1 and Ca V 1.2 a 1 subunits.
By itself this finding does, however, not exclude the possibility that the higher stability of the b 1a -GFP subunit observed when coexpressed with Ca V 1.1 a 1S may result from its specific association with its homologous skeletal muscle channel partner. Alternatively, the high stability might result from additional specific binding sites of this b isoform in the triad, including those suggested specifically between b 1a and the RyR1. If so, its fluorescence recovery rate after photobleaching would be expected to increase when coexpressed with the heterologous Ca V 1.2 a 1C subunit, which does not directly interact with RyR1. However this was not the case. When expressed together with a 1C , b 1a -GFP clusters showed little recovery within 6 min and the R 75 of 23.663.6% was only slightly higher but not significantly different from those of GFP-a 1C or of b 1a -GFP coexpressed with GFP-a 1S (Fig. 3C,D ). Together these results suggest that the high stability of b 1a in the triad Ca 2+ channel complex does neither depend on its homologous association with the skeletal muscle Ca V 1.1 a 1S subunit nor on its isoform-specific interactions with the RyR1 (Cheng et al., 2005; Grabner et al., 1999) . Instead it seems to reflect an intrinsically strong binding of b 1a to Ca V 1 channels either by a higher affinity to the AID site or by additional secondary binding sites. Mutations of the Ca V 1.1 I-II loop and the b 1a subunit differentially affect triad targeting and the stability of the b 1a subunit in the Ca 2+ channel complex
One possible mechanism explaining the differences in the stability/dynamics of distinct a 1 -b subunit pairs could be sequence differences within the primary protein-protein interaction site, the a 1 subunit I-II loop containing the AID and the corresponding a binding pocket in the beta subunit. To examine the importance of the specific I-II loop sequence of Ltype (Ca V 1) Ca 2+ channels for the high stability of complexes with b 1a we generated an Ca V 1.1 chimera containing the I-II loop of the Ca V 2.1 a 1A subunit (a 1S I-IIA) (Fig. 4A) . The chimeric approach was necessary because a 1A heterologously expressed in dysgenic myotubes is not targeted into triads (Flucher et al., 2000b) . In contrast, the a 1S I-IIA chimera was targeted into triads, albeit at a substantially reduced rate. Whereas 8962.1% of myotubes expressing wild type a 1S showed a clustered distribution pattern, clustering was achieved in only 32.663.0% of a 1S I-IIA expressing myotubes ( Fig. 4B ; supplementary material Fig. S1C,D) . This was not accompanied by a reduction of the whole-cell Ca 2+ currents density (a 1S 22.860.8 pA/pF; a 1S I-IIA 24.461.0 pA/pF) indicating that replacing the I-II loop of a 1S with that of a 1A specifically perturbed triad targeting but not functional membrane expression of this chimera.
Analysis of b association with this construct using double immunofluorescence labeling demonstrated that only 50.6611.4% of the myotubes forming a 1S I-IIA clusters showed colocalized b 1a -GFP clusters. By comparison, b 1a -GFP was co-clustered in almost all (96.661.9%) myotubes expressing wild type a 1S ( Fig. 4C; supplementary material Fig. S3A,D) . Surprisingly, even though the total number of myotubes with a 1S I-IIA/b 1a -GFP co-clusters was greatly reduced compared with that of wild type a 1S /b 1a -GFP, fluorescence recovery after photobleaching was not increased (Fig. 4D) . For a 1S I-IIA/b 1a -GFP, R 75 was 20.563.8%, which is not significantly different from that of b 1a -GFP coexpressed with a 1S (19.964.3%) (Fig. 4G) . These similar recovery rates are consistent with the published results of an isothermal titration calorimetry study showing that Ca V 1.1 and Ca V 2.1 AID peptides bind b subunits with similar affinities in the low nanomolar range (Van Petegem et al., 2008) . Apparently, replacing the I-II loop with that of a 1A compromises triad targeting and the formation of stable Ca 2+ channel complexes, but not their stability once they have been formed. If sequence differences in the primary interaction domain, the I-II loop, do not explain the differential stability/dynamics of distinct a 1 -b subunit pairs, isoform-specific secondary interactions within the signaling complex may be involved. In order to displace b from such putative secondary interaction sites without affecting the primary interaction with the AID, we deleted one, two, or three amino acids from the proximal I-II loop of Ca V 1.1. This sequence forms a rigid connection between the IS6 transmembrane helix and the AID (Van Petegem et al., 2004) . Therefore the three deletions are expected to rotate or tilt the I-II loop relative to the channel. Analogous deletions in Ca V 2. labeling showed that expression and clustering of the three deletion constructs were not significantly different from wild type a 1S (a 1S del1 8568.2%, a 1S del2 84.764.8%, a 1S del3 91.362.3%, compared with a 1S 8962.1%) ( Fig. 4B ; supplementary material Fig. S1E-G) . More importantly, also co-clustering of the b 1a subunit with the three deletion constructs was not altered (a 1S del1 98.961.1%, a 1S del2 9561.4%, a 1S del3 98.361.4%, compared with a 1S 96.661.9%) ( Fig. 4C; supplementary material Fig. S3E -G), indicating that changing the orientation of the I-II loop and the b subunit relative to the channel does not affect the formation of channel complexes. Finally, FRAP analysis revealed that deletion of one or more amino acids did not reduce the stability of the complex with b 1a -GFP ( Fig. 4E; supplementary material Fig. S5 ). R 75 was 20.963.2% for a 1S del1, 19.963.8% for a 1S del2 and 22.864.6% for a 1S del3 and thus in no case significantly different from that of b 1a -GFP coexpressed with wild type a 1S (Fig. 4G ). Together these experiments show that neither changing the I-II loop sequence nor the orientation of the I-II loop relative to the channel reduced the stability of the b 1a -GFP/a 1S complex in skeletal muscle triads.
Therefore we turned our attention to the b subunit and examined the importance of the a binding pocket by introducing a single residue exchange in b 1a (M293A). In previous biochemical and functional studies the equivalent mutation in b 2a has been shown to reduce the affinity of binding to AID peptides, but still allowed functional modulation of the channel, when coexpressed in oocytes at sufficiently high local In a 1S I-IIA, the I-II loop was replaced by that of a 1A (Ca V 2.1); in a 1S del1, one amino acid in the proximal I-II loop was deleted to alter the orientation of the b subunit relative to the channel; in b 1a M293A-GFP, a single methionine was mutated to alanine. (B) Triad targeting was normal for the a 1S del1 construct, but diminished to 32.663.0% for a 1S I-IIA (N53, n5300). (C) b 1a -GFP co-clustered efficiently with the a 1S del1 construct, but only in 50.6611.4% of the myotubes expressing a 1S I-IIA. b 1a M293A-GFP co-clustered only in 17.864.8% of the myotubes expressing a 1S (N53, n590). When coexpressed with a 1S I-IIA (D) or with a 1S del1 (E), b 1a -GFP fluorescence did not recover within 6 min after bleaching. With both constructs, the mean recovery curves and R 75 (G) (mean6s.e.; a 1S I-IIA, N56, n57; a 1S del1, N53, n513) were similar to that of b 1a -GFP and the wild type a 1S . When coexpressed with a 1S (F), b 1a M293A-GFP showed substantial fluorescence recovery: an approximately threefold higher recovery rate than b 1a -GFP (N57, n525). Anova F(11,264)515,6; P,0.001 (P values in the figure are for post-hoc analysis; ***P,0.001). Upper scale bar: 10 mm. Lower scale bar: 1 mm.
concentrations (Maltez et al., 2005; Opatowsky et al., 2004; Van Petegem et al., 2008) . Therefore we expected that on coexpression with a 1S in dysgenic myotubes b 1a M293A-GFP might still co-assemble with the channel in triads, and thus permit FRAP analysis. Indeed b 1a M293A-GFP co-clustered with a 1S but at a substantially reduced proportion of only 17.764.8% of myotubes with a 1S clusters ( Fig. 4C; supplementary material  Fig. S3H) . As expected the affinity-reducing mutation M293A diminish the ability of this b subunit to compete with endogenous b 1a for association with the channel complex. Conversely, within the clusters b 1a M293A-GFP had a dramatically increased fluorescence recovery. The fractional recovery of b 1a M293A-GFP was 3-fold higher (R 75 , 45.263.9%) than that of wild type b 1a -GFP (Fig. 4F,G) . This indicates that a mutation in the a binding pocket known to reduce the affinity of b 1a -a 1S binding decreases the stability of the a 1 -b complex and increases the dynamic exchange of the mutated skeletal muscle b subunit to values similar to those of the non-skeletal muscle b isoforms.
Discussion
Here we used FRAP analysis of Ca 2+ channel subunits expressed in dysgenic myotubes to study for the first time the dynamics of Ca V a 1 and b subunits in the native environment of a functional Ca 2+ signaling complex. First, the relative dynamics of a 1 and b subunits revealed that b 1a forms a stable complex with Ca V 1 a 1 subunits, whereas b 2a , b 4b and a b 1a mutant (M293A) form dynamic complexes with these L-type Ca 2+ channels. Secondly, our data suggest that the specific strengths of b association with the Ca 2+ channel complex are intrinsic properties of the b subunits, regardless to whether they form homologous or heterologous pairs with the a 1 subunit and likely independent of skeletal muscle-specific interactions with the RyR1. The question as to whether auxiliary b subunits can dynamically exchange with functional Ca 2+ channels in the membrane has been highly controversial. High affinity binding of all b isoforms with the AID in the I-II loop of high-voltage-activated Ca 2+ channels (De Waard et al., 1995; Van Petegem et al., 2008) indicates that a 1 and b subunit form essentially irreversible complexes. However, emerging experimental evidence from heterologous expression systems suggests that in cells the a 1 -b interaction might be reversible (Buraei and Yang, 2010) . Injection of b subunits into Xenopus oocytes expressing a 1 subunits alone or in combination with another b isoform rapidly altered the gating properties of the Ca 2+ currents (Hidalgo et al., 2006; Yamaguchi et al., 1998) . Perfusion of skeletal muscle membrane vesicles with purified b 1a doubled current densities but not ON gating charges within 15 minutes (García et al., 2002) . Injection of competing AID peptide into HEK cells transfected with Ca V 1.2 and b 2a inhibited b modulation of the single channel properties within a few minutes (Hohaus et al., 2000) ; and HEK cells cotransfected with Ca V 1.2 plus different ratios of b 1a and b 2b showed mode shifting in single channel recordings, consistent with the sequential association of distinct b subunits with the channel on a minute time scale (Jangsangthong et al., 2011) . Whereas these and similar studies reviewed in (Buraei and Yang, 2010) indicate that in Xenopus oocytes and mammalian cells the a 1 -b interaction indeed can be reversed, the question as to whether this occurs in native Ca 2+ channel signaling complexes remained hitherto unanswered.
Our FRAP analysis addresses this problem in one of the best characterized Ca 2+ channel signaling complexes, the skeletal muscle triad. Unexpectedly, the results give a differentiated answer to this question. On the one hand, the homologous skeletal muscle b 1a isoform forms stable complexes with Ca V 1 channels. Both the Ca V 1.1 a 1S subunit and the b 1a subunit have similarly low recovery rates, indicating that the two subunits remain stably associated to each other for the entire life time of the channel in the signaling complex. Although it has never before been demonstrated, the fact that homologous Ca 2+ channel subunit pairs form stable complexes in its native environment may not appear surprising. But note that the skeletal muscle b 1a subunit formed similarly stable complexes with the non-skeletal muscle Ca V 1.2 a 1C subunit. On the other hand, the non-skeletal muscle b 2a and b 4b isoforms formed dynamic complexes with Ca V 1 channels in the junctions. Two to three times higher FRAP rates of b 2a -eGFP and b 4b -eGFP compared with the a 1 subunit unambiguously demonstrate that these b isoforms can dynamically exchange with the a 1 subunits in the triadic signaling complex on a minute time scale. Interestingly, dynamic interactions were not limited to heterologous a 1 -b pairs, but were also observed for b 2a with its native partner Ca V 1.2. While such a differential ability to form stable or dynamic subunit complexes would not have been predicted from previous biochemical analysis of a 1 -b interactions, functionally it appears reasonable. Skeletal muscle expresses only one set of Ca 2+ channel subunits and b 1a serves primarily structural functions like the organization of tetrads (Schredelseker et al., 2005) . Consequently there is no need for dynamic exchange. In contrast, neurons express multiple a 1 and b isoforms including b 2a and b 4b , which confer distinct gating properties to the channels. Consequently, dynamic exchange of b subunits with a 1 subunits expressed in the membrane provides a mechanism for current modulation. Recently we found very similar low FRAP recovery rates of a 1C Ca 2+ channels in somatodendritic Ca 2+ channel clusters in hippocampal neurons (Di Biase et al., 2011) . Apparently, voltage-gated Ca 2+ channels are stably incorporated in signaling complexes of muscle and nerve cells. Whether b 2a and b 4b subunits also show dynamic exchange in these neuronal Ca 2+ channel complexes remains to be shown.
The differential stability of b subunits in Ca 2+ channel complexes is an intrinsic property of the b subunits The observed differences in FRAP rates of b subunits could result from different affinity binding of the AID to the a binding pocket, by secondary binding sites between the two channel subunits, or by interactions with other binding proteins in the triad, foremost the RyR1. The molecular organization of the Ca V 1.1 channel in skeletal muscle triads and peripheral couplings is unique. It is arranged in tetrad arrays corresponding in size and orientation to the underlying RyR1s with which Ca V 1.1 physically interacts in the process of skeletal muscle ECcoupling (Franzini-Armstrong et al., 1998) . The b 1a subunit is essential for the organization of this functional assembly (Schredelseker et al., 2005) . Therefore it is reasonable to assume that the same protein-protein interactions contribute to the stable anchoring of the Ca 2+ channel subunits in the junctions. However, the stability of b 1a -GFP did not decrease when it was coexpressed with the cardiac/neuronal Ca V 1.2, which does not form tetrads opposite the RyR1. Furthermore, introducing mutations into Ca V 1.1 expected to rotate the b 1a subunit relative to the a 1 subunit (Mitra-Ganguli et al., 2009; Vitko et al., 2008) and probably also in relation to the RyR1 did not reduce the stability of b 1a association with the complex. Together these observations indicate that the stability of b 1a in the triads and its role in tetrad formation are independent of its putative direct interactions with the RyR1, unless such interactions would be highly conformationally flexible. The conclusion that binding to the RyR1 does not substantially contribute to the immobilization of b 1a in the triad is consistent with our previous observation that b 1a -GFP expressed without an a 1 subunit is not targeted into the junctional clusters (Neuhuber et al., 1998a) , and is further substantiated by our present FRAP data, showing that b 1a -GFP expressed alone recovered at the rate of free eGFP, indicating that it is freely diffusible in the cytoplasm. Thus, its stable anchoring in the triad junctions entirely depends on the coexpression of an a 1 subunit and the strength of a 1 -b interactions in the context of skeletal muscle Ca 2+ release units is the same for the homologous Ca V 1.1 and the heterologous Ca V 1.2 isoform.
The latter also indicates that the different strengths of a 1 -b complexes are independent of isoform-specific differences in the a 1 subunit I-II loop sequences. The FRAP rates of b 1a were equally low when expressed with Ca V 1.1, Ca V 1.2 and even a 1S I-IIA carrying the I-II loop of Ca V 2.1. Conversely, the FRAP rates of b 2a and b 4b were always high regardless of the coexpressed a 1 construct. This is consistent with biochemical studies in which similar affinities of b 2a to the AID of Ca V 1.1 and Ca V 1.2 were measured (Van Petegem et al., 2008) . Apparently, differences in the non-conserved residues of the AID and in the flanking sequences of the I-II loop do not explain the different strength of association of b 1a versus b 2a and b 4b . Consequently, the differences appear to be intrinsic properties of the b subunits. This interpretation is substantiated by our experiment in which we mutated the a binding pocket of b 1a subunit in position M293. Analogous mutations in b 2a have previously been shown to reduce the affinity of binding to AID and expressed channels (Maltez et al., 2005; Opatowsky et al., 2004; Van Petegem et al., 2008) . In our study the M293A substitution caused a threefold increase of the fluorescence recovery rate of b 1a . This result provides a proof of principle for the suitability of our FRAP analysis to detect differences in a 1 -b affinity and it demonstrates that the a binding pocket, and thus the interaction with the AID, are crucial for the immobilization of b 1a to the triadic Ca 2+ channel complex. Nevertheless, it is important to note that the mutated methionine and other key residues of the a binding pocket are conserved between b 1a , b 2a and b 4b , and therefore the intrinsic differences in their ability to form stable and dynamic complexes, respectively, must be determined by non-conserved residues affecting directly or indirectly the affinity of the a binding pocket or secondary interactions with the a 1 subunit. As the modulatory functions of b subunits are highly sensitive to mutations in all domains of b (for a review, see Buraei and Yang, 2010) , also the molecular mechanism resulting in more or less stable associations of b with the channel complex may arise from allosteric effects on the tertiary structure of b by non-conserved sequences anywhere in the protein.
In conclusion, determining the relative dynamics of Ca 2+ channel a 1 and b subunits using FRAP analysis represents a new approach to study protein-protein interactions of macromolecular signaling complexes live and in situ, and here it provided the first direct evidence for the dynamic exchange of b subunits within a functional Ca 2+ channel complex.
Materials and Methods

Cell culture and transfection
Myotubes of the homozygous dysgenic (mdg/mdg) cell line GLT were cultured as previously described (Powell et al., 1996) . At the onset of myoblast fusion, GLT cell cultures were transfected with plasmids coding for the Ca 2+ channel subunits using FuGeneHD transfection reagent (Roche Diagnostics) according to the manufacturer's instructions. A total of 2 mg of plasmid DNA was used per 60 mm culture dish.
Plasmids and cloning procedures
For the expression plasmids, see Table 1 . pbA-b 2a -eGFP. Rat b 2a (GenBank number M80545) was isolated from pbA-b 2a -V5 (Obermair et al., 2010) by HindIII/BglII digest and cloned in the respective sites of pbA-b 4b -eGFP. pc-a1SI-IIa. Part of the a 1S channel with the I-II loop of a 1A was isolated from GFP-a 1S Sk-I-IIa (Flucher et al., 2000b) by SfiI/Bsu36I digest and cloned into the respective sites of pc-a 1S . pc-a 1S del1(D344), pc-a 1S del2(D344-345), pc-a 1S del3(D344-346). The deletions of amino acid 344, 344-345, and 344-345-346 of a 1S were introduced by SOE-PCR. Briefly for each construct, the I-II loop cDNA sequence of a 1S was PCR amplified with overlapping mutagenesis primers in separate PCR reactions using pc-a 1S as template. The two separate PCR products were then used as templates for a final PCR reaction with flanking primers to connect the nucleotide sequences. This fragment was then SfiI/Bsu36I digested and cloned into the respective sites of pc-a 1S . pcDNA3-b 1a M293A-GFP. The mutation in position 293 was introduced by SOE-PCR. Briefly, the cDNA sequence of b 1a was PCR amplified with overlapping mutagenesis primers in separate PCR reactions using pcDNA3-b 1a -GFP as template. The two separate PCR products were then used as templates for a final PCR reaction with flanking primers to connect the nucleotide sequences. This fragment was then SacI/BamHI digested and cloned into the respective sites of pcDNA3-b 1a -GFP. FRAP experiments and data analysis FRAP was performed on 9 days old transfected GLT myotubes using a SP-5 confocal microscope (Leica Microsystems) equipped with a 636, 1.4 NA waterimmersion lens at 37˚C in an incubation chamber (EMBLEM). Cells growing on coverslips were mounted in a Ludin chamber in Tyrode's physiological solution containing (in mM): 130 NaCl, 2.5 KCl, 2 CaCl 2 , 2 MgCl 2 , 10 HEPES, 30 glucose. For all recordings myotubes with low to medium GFP fluorescence were selected to exclude overexpressing cells. Fluorescence was excited using the 488 nm line of the argon laser and recorded at a bandwidth of 500-550 nm. For GFP-a 1S and GFP-a 1C , images were acquired at 1.33 Hz in the pre-bleach, bleach and postbleach phase (respectively 10, 6 and 100 frames) and for extended observation, an additional 30 and 40 frames were acquired at a 3 and 5 s interval, respectively. For all other experiments, images were acquired at 0.67 Hz in the pre-bleach, bleach and post-bleach phase (respectively 10, 3 and 50 frames). For extended observation, an additional 54 frames were acquired at a 5 s interval. For imaging in the pre-bleach and post-bleach phases the laser was set to 15-20% of the initially adjusted laser power (70%). A circular 6 mm diameter ROI was photobleached by scanning with the 488 nm line of argon laser at 100% intensity. Inside the bleached region, three 1.4 mm diameter ROIs were placed over clusters and three in the cluster-free regions in between. The average fluorescence of the cluster-free regions was set as background. The average fluorescence of the three ROIs on the clusters was background subtracted and corrected for the overall bleaching in each time frame. Then the average fluorescence of the clusters was normalized so that the pre-bleach intensity was set to 1 and the first frame after photobleaching to 0 and plotted as function of time (except for cytosolic b 1a -GFP, b 4b -eGFP and eGFP, where only the pre-bleach intensity was set to 1). The analysis of fluorescence was performed using LAS AF software (Leica Microsystems). Recovery curves were fitted with a straight line or a monoexponential fit with pClamp software (version 8.0, Molecular Devices) and the value of the fitted curve at 75 s after bleaching was chosen to calculate the mean rate of fluorescence recovery (R 75 ). Results are expressed as mean6s.e. All data were organized in MS Excel and analyzed using ANOVA with Tukey posthoc analysis in SPSS statistical software (SPSS Inc., Chicago IL, USA). Correlation analysis of the average fluorescence intensity of myotubes, as well as the average size and fluorescence intensity of the clusters with the corresponding FRAP (R 75 ) values recorded in the same cell did not reveal any correlation between any of these parameters (supplementary material Fig. S6 ). This indicated that the variability of expression levels or differences in the subcellular distribution of the constructs cannot account for the observed differences of FRAP values.
Triad targeting and b co-clustering quantification
Paraformaldehyde-fixed cultures were double-immunolabeled [as previously described in (Flucher et al., 2000b) ] with the monoclonal a 1S antibody mAb 1A (1:4000) ) and the rabbit anti-GFP (serum, 1:10,000; Molecular Probes, Eugene, OR) and fluorescence-labeled with Alexa-594-and Alexa-488-conjugated secondary antibody, respectively. Thus, the anti-GFP label and the intrinsic GFP signal were both recorded in the green channel. Triad targeting of the a 1S chimera and mutants was quantified by systematically screening the coverslips for transfected myotubes using a 636, 1.4 NA objective Axioimager microscope (Carl Zeiss, Inc.). The labeling patterns of transfected myotubes with more than four nuclei were classified as either 'clustered' or 'not clustered'. Quantitative analysis of b co-clustering was performed by systematically screening for clustered myotubes in the red channel (same criteria described for the triad targeting) and classifying them as b co-clustered or not in the green channel. The counts were obtained from samples of three separate experiments. For RyR staining, in GFPa 1S and GFP-a 1C transfected cells, samples were double-immunolabeled with the rabbit anti-GFP (serum, 1:10,000) and mouse monoclonal anti RyR (34-C, 1:1000, Alexis Biochemicals, Lausen, Switzerland), and fluorescence-labeled with Alexa-594-and Alexa-488-conjugated secondary antibody, respectively. In untagged a 1S expressing cells, samples were double-immunolabeled with the monoclonal a 1S antibody mAb 1A (1:4000) and rabbit anti RyR1 [1:2000; (Flucher et al., 1999) ] and fluorescence-labeled with Alexa-594-and Alexa-488-conjugated secondary antibody, respectively. 14-bit images were recorded with cooled CCD cameras (SPOT; Diagnostic Instruments, Stirling Heights, MI, USA) and Metaview image processing software (Universal Imaging, Corp., West Chester, PA, USA).
Image processing
Image composites were arranged in Adobe Photoshop CS3 (Adobe Systems Inc.) and, where necessary, linear adjustments were performed to correct black level and contrast. The number at the right shows the percentage of transfected myotubes in which the expressed α 1 subunit isoform/chimera achieved a clustered distribution indicative of correct triad targeting. Note that the percentage of transfected myotubes in which α 1S I-IIA achieved a clustered distribution was dramatically reduced compared to the other α 1S subunits (cf. Fig. 4B ). Bar, 10 μm. In α 1S del2 and α 1S del3, two or three amino acids in the proximal I-II loop were deleted (similar to α 1S del1, Fig. 4A, 4E ). When coexpressed with α 1S del2 (A) or with α 1S del3 (B), b 1a -GFP fluorescence did not recover within 6 min after bleaching. With both constructs the mean recovery curves and R 75 (mean±SE; α 1S del2 N=3 n=17, α 1S del3 N=3 n=10) were similar to that of b 1a -GFP coexpressed with the wildtype α 1S . Upper bar, 10 μm; lower bar, 1 μm. To examine whether the variability of expression levels or differences in the subcellular distribution of the constructs influenced the FRAP data we measured and compared the average fluorescence intensity of the recorded myotubes, as well as the average size and fluorescence intensity of the clusters. Images of the myotubes used in FRAP experiments (n b1a-GFP+a1S = 32, n b2a-eGFP+a1S = 34, n b4b-aGFP+a1S = 28) were cluster-thresholded using the automatic multilevel thresholding method by Yen (Image J, National Institues of Health, Bethesda). Images in which automatic thresholding failed to highlight clusters were excluded (n b1a-GFP+a1S = 3, n b2a-eGFP+a1S = 7, n b4b-aGFP+a1S = 1). The thresholded images were calibrated and an integrated morphometric analysis of cluster area and intensity was performed using Methamorph software. Expression levels were estimated by analyzing the average fluorescence intensity (background subtracted) of each recorded cell and calculating the mean ± standard error (SE) for each construct in MS Excel. Anova with Tukey post-hoc analysis of the average cluster area, average cluster intensity and average cell intensity and R 75 values were performed using SPSS statistical software (SPSS Inc., Chicago IL, USA) and Spearman correlation tests of each of the three parameters against the R 75 values were performed. The table shows that the means of the average cluster area and of the average cell intensity, but not of the average cluster intensity, vary between the three examined b subunits. The values of average cluster area of the palmitoylated/membrane associated b 2a is significantly (p<0.001) higher than those of b 1a and b 4b , and the average cell intensity of b 2a is significantly (p=0.002) higher than that of b 1a. Note that the means of the two non-palmitoylated isoforms b 1a and b 4b were not significantly different from each other, even though their fractional FRAP were significantly different (p<0.001). Conversely, the mean cluster size of b 2a was significantly higher than that of b 4b even though their FRAP values were similar. These findings do not indicate a correlation of FRAP and cluster size or expression levels. Also a correlation analysis of each of the three measured parameters with the fractional FRAP (R 75 ) values recorded in the same cell did not reveal any correlation between overall expression levels, cluster size or fluorescence intensity of clusters and the obtained FRAP values. The scatter blots and correlation coefficients below 0.4 indicate weak to no correlation.
